Abstract: Heterogeneous integration of III-V compound semiconductors on Silicon on Insulator is one the key technology for next-generation on-chip optical interconnects. In this context, the use of photonic crystals lasers represents a disruptive solution in terms of footprint, activation energy and ultrafast response. In this work, we propose and fabricate very compact laser sources integrated with a passive silicon waveguide circuitry. Using a subjacent Silicon-On-Insulator waveguide, the emitted light from a photonic crystal based cavity laser is efficiently captured. We study experimentally the evanescent wave coupling responsible for the funneling of the emitted light into the silicon waveguide mode as a function of the hybrid structure parameters, showing that 90% of coupling efficiency is possible. van Laere, D. Van Thourhout, and R. Raj, "Heterogeneous integration and precise alignment of InP-based photonic crystal lasers to complementary metal-oxide semiconductor fabricated silicon-on-insulator wire waveguides," J. Appl. Phys. 107(6), 063103 (2010). 26. G. Bjork and Y. Yamamoto, "Analysis of semiconductor microcavity lasers using rate equations," IEEE J.
Introduction
During the past decades, optical devices have come to play a crucial role in the domain of information and communication technology, by delivering high bandwidth solutions to longhaul data transmission. Increasing attention is now devoted to optical computer-com mainly concentrated in intra-and inter-chip interconnection applications [1, 2] , the convergence of optics and electronics at the chip level being a necessity for the next generation processors. Here, the issues that need to be tackled are the rapid dispatching and sorting of the mindboggling amounts of information within small footprints and above all with reduced power consumption [3] . Thus, photonic circuits should be built from elements able to perfectly control the propagation of light to achieve "passive" functions such as guiding and filtering as well as elements dedicated to active functions such as emission, detection, amplification, switching and a multitude of others capable to manipulate optical information at will.
It is very unlikely that only one class of material will completely respond to all needs. Silicon photonics, enhanced by III-V based optical functions is considered to be as one of the key technologies combining the best of both materials leading to a highly versatile hybrid photonics platform which opens the way to large scale photonic integration. Indeed, silicon's transparency at telecom wavelengths and its high-index contrast with silica allows the fabrication of extremely compact low-loss single mode waveguides (~2dB/cm) [4, 5] that can be used to route information through a circuit. Critically, the mature complementary metal oxide semiconductor (CMOS) fabrication processing technology renders possible large-scale integration of functional optical devices, including integration with complex electronic components. However, due to its indirect electronic band gap Silicon is not the most ideal material for light emission and light control. The direct bandgap of III-V materials makes efficient stimulated emission possible, which enables the fabrication of lasers, amplifiers, detectors and modulators. These materials permit to obtain tailor-made electronic band structures by engineering their composition to form suitable alloys. Radiative transitions can thus be obtained at the desired wavelength, ranging from 0.4µm to 20µm. Heterogeneous integration of III-V semiconductors on Silicon on Insulator (SOI) waveguides has recently succeeded in the realization of laser sources [6] [7] [8] [9] , amplifiers [10] , modulators [11, 12] and flip-flops [13] , all of them very exciting results for further photonic integration with electronics.
In this article, the concept of hybrid Si/III-V semiconductor photonics is scaled down to nanophotonics. III-V Photonic crystal nanolasers are integrated with and coupled to SOI waveguides circuitry. This disruptive approach allows us to obtain low threshold hybrid lasers in the telecom window within a footprint as small as 5µm 2 , ten times smaller than the smallest microdisks devices demonstrated so far. We experimentally study the evanescent wave coupling in the device as a function of the structure parameters and show that more than 90% of the emitted light is funneled into the SOI wires.
An innovative platform: hybrid III-V photonic crystals nanocavities on silicon on insulator waveguides circuitry
The hybrid structure under study is schematically represented on Fig. 1a . It is a 2 optical level structure where one level is constituted by a single mode SOI wire waveguide and the other, an InP-based photonic crystal nanocavity with 4 InGaAsP/InGaAs quantum wells embedded which emit at 1.55µm. The 2 levels are separated by a low index layer (silica + benzocyclobutene) which preserve the vertical optical confinement within the SOI waveguide and the PhC cavity. Coupling is ensured by the penetration the evanescent tail of the optical modes into the other level [14] .
The chosen nanocavity is akin to a "wire" or "nanobeam" [15] [16] [17] [18] [19] [20] [21] cavity, which is a Fabry-Perot type cavity formed in a single mode wire waveguide (550nm width and 255nm height). High reflectivity mirrors are constituted by a single row of holes drilled into the material. The holes diameter d and the pitch of the 1D lattice a are fixed to be respectively at 177.5nm and 370 nm to obtain a large high reflectivity bandwidth around 1.55µm. The sizes of the 3 holes on each side of the cavity are tapered down in order to increase the quality factor by adapting the propagating guided mode to the evanescent mirror mode [22] . These cavities are particularly interesting because they can exhibit quality factors as high as 10 5 with modal volumes close to the limit of (λ/2n) 3 even when the structures are not suspended in air, as is the case in the present study. Moreover, their total length varying from 8.3µm to 8.55µm, their footprint is about 5µm 2 , which is at least 10 times smaller than the footprint of cavities formed in a 2 dimensional lattice of holes [23] . The SOI level is made of a 220nm thick Si layer on a 2µm SiO 2 buffer. The Si layer is etched down in order to form waveguides of widths varying from 300nm to 550nm in steps of 50nm. Grating couplers are etched at a distance from the circuitry to allow coupling with cleaved single mode optical fibres [24] . The fabrication of the hybrid structures relies on the adhesive bonding using Benzocyclobutene (BCB). The InP-based heterostructure, containing 4 InGaAs/InGaAsP quantum wells is grown by metalorganic vapour phase epitaxy (MOVPE), the SOI waveguides being processed on a CMOS pilot-line. A 300nm thick layer of BCB is spun onto the SOI wafer surface in order to planarize the surface and leave 80nm of polymer above the Si waveguides. The InP wafer is sputter coated with a SiO 2 layer whose thickness is chosen to be either 200nm, 300nm or 400nm before being put in contact with the BCB coated SOI wafer. The sample is then pressed and cured for 3 hours at 300°C under N 2 atmosphere to finalize the bonding. After the chemical removal of the InP substrate, the PhC cavities are patterned on the active membrane using inductively coupled plasma etching through a silicon nitride mask. The latter is obtained by positive electron beam lithography followed by reactive ion etching. A 30nm-precise alignment of the III-V nanocavities to the SOI waveguides is achieved using, during the electron beam lithography, reference markers fabricated in the silicon waveguide level. After the silicon nitride mask removal, the excess InP-based membrane left on the surface is chemically etched away while protecting the nanocavities with negative electron beam lithography resist. More details on the fabrication can be found in references [25] . The low index layer below the cavity is a bilayer composed of a thin layer of BCB (80nm) and a layer of SiO 2 . Compared to a low-n layer only composed of BCB, this configuration enables a better control on the InP-SOI separation but also an improvement in the thermal dissipation of the laser as SiO 2 thermal conductivity is 3 times greater than the BCB thermal conductivity. A scanning electron microscope picture of one of the fabricated structures is given on Fig. 1b where a wire cavity can be seen positioned on top of a SOI waveguide.
Laser operation
Laser emission is explored at room temperature by optically surface pumping the wire cavities using an 800nm laser diode focused to a 20 µm 2 spot by a 10x microscope objective. The laser diode is modulated in order to obtain 40ns pulses at a 300kHz repetition rate. The emitted light is collected via the gratings at the extremities of the 8mm long SOI waveguides with SMF-28 optical fibres tilted at an angle of 10° to the surface normal and is analysed using a spectrometer equipped with a cooled InGaAs detector array. Fig. 2 . Experimental PhC wire cavity nanolaser emission characteristic curves. a) Intensity of the emitted light outputting the SOI waveguide as a function the absorbed pump power. The black line is a fit of the experimental data using the rate equations for quantum well lasers given in the text. b) Full width at half maximum of the emission spectral linewidth as a function of the absorbed pump power. c) Emission wavelength as a function of the cavity length, i.e. centre to centre distance between the first 2 tapered holes.
We plot in Fig. 2a , in log-log scale, the output peak power of the emitted light as a function of the absorbed pump peak power for a 450nm-long cavity coupled to a 500nm wide SOI waveguide (SiO 2 thickness is 400nm). Here, we estimate the amount of absorbed pump power in the III-V layer by taking into account the material absorption (30% in 255nm), the reflectivity at the interfaces (30% at the interface) and the ratio of the cavity surface and the pump spot size (4%). As expected for laser emission [26] , the curve is S-shaped, with a threshold of 17µW (total peak power 2mW). As seen in Fig. 2b , the full width at half maximum (FWHM) of the emission spectrum decreases to 0.18nm (corresponding to the spectrometer resolution) as the absorbed pump power is increased up to 19.5µW. When the pump power is further increased the emission broadens due to power broadening [27] . The emission wavelength can be easily tuned by adjusting, for example, the cavity length as shown in Fig. 2c [21] . As the cavity length is increased from 400nm to 650nm, the cavities remain single mode and laser emission is observed in the range 1565nm to 1596nm. Above 550nm, 2 peaks are observed in the emission spectra as the cavity second order mode enters the gain bandwidth of the QWs. In the following, we will focus on the single mode cavities.
Study of the coupling efficiency
One important question remains which has not been addressed experimentally in the hybrid systems: what is the efficiency of the coupling between the III-V nanolaser and the SOI wire?
In the approximation where the presence of the SOI waveguide weakly perturbs the cavity mode, the evolution of the intra-cavity electromagnetic field can be described by the coupledmode theory (CMT) [28] [29] [30] . In this theory, the cavity optical losses are determined by two independent terms, one related to the intrinsic losses of the cavity, i.e. the losses in absence of the waveguide and one related to the coupling to the SOI waveguide mode [31]. These are described respectively by the quality factors Q 0 and Q c . The coupling efficiency can then be written as:
It is clear that, in order to obtain a large efficiency, the coupling losses must be much larger than the intrinsic cavity losses (Q c <<Q 0 ). The coupling efficiency is plotted in Fig. 3a as a function of the ratio Q 0 /Q c . At the same time, the total losses of the system (proportional to 1/Q 0 + 1/Q c ) must be maintained as small as possible to allow low threshold laser emission. Q c and Q 0 can be experimentally retrieved by analysing the transmission of an optical probe as a function of the material gain and the laser characteristic in tandem. In our active hybrid system, the evolution of the intra cavity field amplitude E cav in the presence of optical gain is derived from the CMT and reads: (Fig. 3b) , ω 0 is the field pulsation at resonance, Pump-probe experiments are performed to measure the variation of the transmission spectrum around the cavity resonance wavelength as a function of the material gain. The pump, delivered at 800nm as above controls the gain of the active material. A modulated tunable laser source around 1.55 µm (13ns pulses at 300kHz repetition rate) is injected in the SOI waveguide and used as the probe. An extra 5kHz modulation is applied to the probe to discriminate the probe signal from the emission via homodyne detection.
The measured transmission spectra are plotted in Fig. 4a as a function of the absorbed pump power for a 450nm-long cavity coupled to a 350nm wide waveguide (SiO 2 thickness is 300nm). Firstly, the transmission shows a dip at resonance which deepens with increasing pump power reaching a minimum at λ = 1550nm when P pump = P 0 = 12.4µW. Net amplification is then observed before attaining the laser emission at a threshold of 29.6µW for this particular sample. As the material refractive index is dependent on the carrier density, the change in amplitude is also accompanied by a blue-shift of the resonant wavelength. This is nominally clamped when the laser threshold is reached. The good qualitative agreement of these measurements with modelling can be appreciated in Fig. 4b , where the transmission at resonance is plotted as a function of the absorbed pump power. The FWHM of the resonance is measured to be 0.83nm at P = P 0 giving Q c = 1800 (see Fig. 4c ). Fig. 4 . Transmission measurements. a) Transmission spectra of the coupled system as a function of the absorbed pump power.. b) Transmission at resonance as a function of the pump power, these values corresponding to transmission minimum/maximum when the spectra exhibit a dip/peak. c) Transmission spectrum obtained with a 12.4µW pump power corresponding to the case when τg = τ0 giving the minimum of transmission at resonance. The fitting of the curve using a lorentzian lineshape gives a FWHM of 0.83nm.
These measurements are repeated on samples with low-n layers of different thicknesses (z) and Si waveguides of different widths (w). In order to evaluate the impact of these structural parameters on the evanescent wave coupling, the measured Q c are plotted on Fig. 5a . As expected from theory [31], Q c strongly increases with z for a fixed value of w as the evanescent tail of the field of each level rapidly decays with the distance. As w is varied, Q c varies from 5000 to 32000, from 1500 to 7800, and from 1400 to 3700 for z = 400nm, z = 300nm, z = 200nm respectively. For all z, a minimum is reached at w = 400nm, a width corresponding to a propagating mode in the Si waveguide with an effective index of 2.3 matching that of the InP-based wire where the cavity is etched. This phase-matching enables the maximum transfer of light and thus the minimum Q c .
The unloaded quality factor Q 0 is obtained by fitting the L-L curve with standard rate equations for QW lasers [32]: 
where P 1 is the pump power when the transmission at resonance equals to 1. Finally, β is left as a free variable. The result of the fit using this model is plotted on Fig. 2a together with the measurement values. Excellent fits of the measurements are obtained for τ 0 ranging from 10ps to 83ps (6100<Q 0 <50000) and 0.16<β<0.35. To improve the estimates, these values are cross-checked with the results of the fit of a L-L curve for the same cavity but coupled to a waveguide of different width. We obtain 16.5ps<τ 0 <49.5ps (10000<Q 0 <30000) and 0.2<β<0.3 which are typical for this type of nanolasers allowing low laser threshold and ultrafast dynamics [35] . Even though it is not possible to determine τ 0 precisely, this method is preferred to the usual way of finding the Q factor by measuring the laser spectral linewidth at threshold, as the linewidth of a semiconductor laser is not simply fixed by the optical losses in the system but depends on the pump duration, the phase-amplitude coupling and various sources of noise [36] . However, our results give us sufficient information on the total losses of the system to determine the coupling efficiencies of the nanolasers to the SOI wires.
The coupling efficiency, η, of the emitted light into the Si wires is plotted for the different studied structures in Fig. 5b . Each segment represents the possible range of values for η taking into account the uncertainties in Q 0 . By adjusting the parameters of the structures we demonstrate it is possible to vary the efficiency at will from around 20% to more than 90% by controlling the evanescent wave coupling strength, i.e. Q c . As expected, the maximum of efficiency is obtained for the thinnest low-n layer and for w = 400nm which gives the smallest value of Q c . Yet, the cases corresponding to the highest η do not necessarily correspond to the ideal configuration as it also gives the largest optical losses in the system which may result in an increase of the laser threshold or even worse in a non-lasing situation. The transition from lasing to non-lasing structures is observed to occur when the coupling efficiency goes beyond 88%, when the total Q factor of the system is lower than 2000. This estimated boundary between the two regimes is indicated by the dotted line on Fig. 5b . Of course further improvement of the intrinsic quality factor of the cavities would permit us to obtain larger Q 0 /Q c ratios, i.e. larger coupling efficiencies while maintaining sufficiently small total losses to observe laser emission. As demonstrated, Q c can be adjusted by changing the structure parameters in order to obtain optimal coupling of laser emission to the SOI waveguide which can lead to coupling efficiencies well beyond 90%.
Conclusion and discussion
The concept of hybrid III-V semiconductor/silicon photonics has been brought forward to nanophotonic world by the integration of InP-based PhC nanolasers on SOI single mode waveguides. We have demonstrated the most compact lasers integrated on a Si optical circuits with low thresholds and within the telecom window. This system has many assets in terms of performance and for future applications. Indeed, taking advantage of the quasi perfect confinement of light within PhCs, we have fabricated lasers with 5µm 2 footprints which correspond to at least an order of magnitude reduction over previously demonstrated hybrid systems. The breakthrough result in this work is that almost all the emitted light is useful as it is efficiently coupled into the subjacent Si waveguides and thus can be further used directly in a CMOS compatible dense nanophotonic networks of interconnects adapted for computercom.
The highly efficient evanescent wave coupling was obtained by tailoring the optical properties of both the SOI waveguide and the III-V nanocavity and through the fine control over the technological processing of the structure such as the precise lithographic positioning of the nanocavity with respect to the SOI wires.
Until now, the practical use of PhCs in an integrated photonic circuit has been an extremely challenging task. Establishing the communication between active nanodevices and the outside world, whilst mastering optical losses and photonic functionalities has been a major problem. To the best of our knowledge, two solutions have been proposed in the literature: the first one consists in using a tapered optical fibre to extract the light from the PhC [37, 38] . This approach, obviously limited to one isolated element presents also limitations in terms of coupling due to the large difference in refractive index between the optical fibre and the III-V semiconductor and the imprecise control of the of the fibre-cavity distance. The other possibility is an all III-V semiconductor based approach as for telecom devices, making use of epitaxial regrowth to separate the active regions where the lasers are made from the passive ones where light propagates without being absorbed [39, 40] . Compared to the hybrid approach, this type of structure suffers from the lack of direct compatibility with CMOS electronics as they are made in a different platform. Moreover, this all III-V semiconductor solution relies on the use of suspended membranes to form the high index contrast waveguide necessary for the vertical confinement in PhC devices which is an evident drawback for mechanical reliability.
The III-V/SOI hybrid system reported here brings an efficient and elegant solution for making use of active PhCs within a photonic circuit combining the best of III-V semiconductor and Si photonics. The remaining obstacle to the use of PhC nanolasers with CMOS electronics is the electrical injection which is necessary for electro-optical conversion. Recent progress on this subject consists of either creating a lateral p-i-n junction [41] or smartly designing the electrical contacts [42] . These are encouraging approaches which could be implemented also within our hybrid system. 
